The geographic and temporal origins of Madagascar's biota have long been in the center of debate. We reconstructed a time-tree including nearly all native nonflying and nonmarine vertebrate clades present on the island, from DNA sequences of two single-copy protein-coding nuclear genes (BDNF and RAG1) and a set of congruent time constraints. Reconstructions calculated with autocorrelated or independent substitution rates over clades agreed in placing the origins of the 31 included clades in Cretaceous to Cenozoic times. The two clades with sister groups in South America were the oldest, followed by those of a putative Asian ancestry that were significantly older than the prevalent clades of African ancestry. No colonizations from Asia occurred after the Eocene, suggesting that dispersal and vicariance of Asian/Indian groups were favored over a comparatively short period during, and shortly after, the separation of India and Madagascar. Species richness of clades correlates with their age but those clades that have a large proportion of species diversity in rainforests are significantly more species-rich. This finding suggests an underlying pattern of continuous speciation through time in Madagascar's vertebrates, with accelerated episodes of adaptive diversification in those clades that succeeded radiating into the rainforests.
The geographic and temporal origins of Madagascar's biota have long been in the center of debate. We reconstructed a time-tree including nearly all native nonflying and nonmarine vertebrate clades present on the island, from DNA sequences of two single-copy protein-coding nuclear genes (BDNF and RAG1) and a set of congruent time constraints. Reconstructions calculated with autocorrelated or independent substitution rates over clades agreed in placing the origins of the 31 included clades in Cretaceous to Cenozoic times. The two clades with sister groups in South America were the oldest, followed by those of a putative Asian ancestry that were significantly older than the prevalent clades of African ancestry. No colonizations from Asia occurred after the Eocene, suggesting that dispersal and vicariance of Asian/Indian groups were favored over a comparatively short period during, and shortly after, the separation of India and Madagascar. Species richness of clades correlates with their age but those clades that have a large proportion of species diversity in rainforests are significantly more species-rich. This finding suggests an underlying pattern of continuous speciation through time in Madagascar's vertebrates, with accelerated episodes of adaptive diversification in those clades that succeeded radiating into the rainforests.
Cretaceous-Tertiary | historical biogeography | lineage diversification | rainforest adaptation | overseas dispersal M adagascar's unique biodiversity has attracted the interest of evolutionary biologists and biogeographers for a long time. This island was part of the Gondwana supercontinent. As a part of Indo-Madagascar, it separated from Africa 160-130 Mya. The breakup of Indo-Madagascar and northwards drifting of India and the Seychelles started 88 Mya, leaving Madagascar isolated in the Indian Ocean and without subaerial connection to any other landmass for the last 65-80 Myr (1) .
The isolation of Madagascar coincided with the end of the Cretaceous, a period of global mass extinction and biotic turnover, probably linked to a major meteorite impact marking the Cretaceous-Tertiary (K-T) boundary at 65.5 Mya (2). In Madagascar, the different composition of the Late Cretaceous vs. the extant vertebrate fauna led to the hypothesis of a major biotic change in deep time (3) . The Cretaceous fauna included lungfishes, gars, nonranoid giant frogs, dinosaurs, and marsupial and gondwanatherian mammals (3) (4) (5) (6) (7) (8) , whereas the extant vertebrate fauna is composed of mainly percomorph freshwater fishes, ranoid frogs, modern squamate reptiles, lemurs, rodents, carnivores, afrotherian mammals, bats, and numerous families of birds (9) .
Reconstructing the temporal pattern of this striking biotic turnover is hampered by the almost complete lack of post-Cretaceous and pre-Pleistocene terrestrial fossil deposits. This fossil gap presents difficulties in understanding how and when the extant clades of vertebrates colonized the island, and how their subsequent diversification took place. In recent times, explicit paleogeographic and paleoclimatic modeling associated with the reconstruction of molecular time-trees have started to resolve the biogeography of Madagascar, previously characterized as one of the greatest mysteries of natural history (10, 11) . For numerous Malagasy clades of amphibians, squamates, and mammals, sistergroup relationships to African taxa and a Cenozoic age are now well established, suggesting a predominance of Out-of-Africa overseas dispersal favored by oceanic paleocurrents (11) (12) (13) (14) (15) . However, the exact timing of colonizations, as well as their possible clustering in particular periods, remain unstudied for many vertebrate clades and are contentious for others (11) , largely because of the use of different molecular markers and time constraints. In addition, the closest relatives of several other taxa are found in South America or Asia (16, 17) . The temporal pattern of vertebrate colonization of Madagascar from these different source continents has not been comprehensively studied to date.
Analyses of molecular data have led to great progress in understanding the timing of vertebrate diversification (18, 19) . Here, we generated a comprehensive dataset that uses the same molecular markers and time constraints for nearly all terrestrial and freshwater vertebrate clades occurring on Madagascar and their sister taxa. The selected genes, BDNF (brain-derived neurotrophic factor) and RAG1 (recombination activating gene 1), are singlecopy, protein-coding, and universal among gnathostomes. We use multiple cross-validated time constraints in a single time-tree to obtain compatible age estimates across clades (20) . Those estimates allow us to assess general biogeographic patterns of Madagascar's colonization by vertebrates, for which we test whether: (i) the majority of extant vertebrate clades colonized Madagascar during or after the K-T boundary, as suggested by the fossil record (7); (ii) colonizations followed different temporal patterns depending on the source continent; (iii) species richness of clades are related to their age in Madagascar; and (iv) clade diversification was influenced by habitat type.
Results
Vertebrate Time-Trees Based on Congruent Time Constraints. Phylogenetic analyses of the combined 1,747 base pairs of RAG1 and BDNF for 188 taxa representing nonflying and nonmarine Malagasy vertebrate clades, their known non-Malagasy sistergroups, and a set of other vertebrate taxa, recovered most of the generally accepted deep and shallow relationships among vertebrates ( Fig. 1) . Time-tree reconstruction with 43 selected time constraints was based on two approaches that either allow substitution rates to vary independently over clades (ICR) or in an autocorrelated fashion (ACR) (Materials and Methods). The extremes of the 95% credibility intervals (CrIs) from the two approaches were merged into a single composite CrI (21) .
A high congruence among most of an initial set of 48 time constraints was obtained in three cross-validation approaches using ACR, here named CV1-CV3 (see SI Appendix for details). In CV1 we assessed statistically the effect of removing single constraints on the overall differences between the constraint ages and molecular age estimates. None of the initial time constraints were highly incongruent, as their removal did not lead to a significant decrease in the variance of the s parameter in onetailed F-tests (22) . In CV2 we performed separate analyses after excluding one constraint in turn, and manually assessed whether the CrI estimated for the respective node was congruent with the original (excluded) constraint. This analysis flagged only three of our initial 48 constraints as incongruent. In CV3 we performed separate analyses after exclusion, in turn, of all but one constraint. The great majority of time-trees recovered correctly most constraints within CrIs. A preferred time-tree was then calculated after exclusion of five constraints, including the three that were most incongruent in CV2 (SI Appendix).
Times and Patterns of the Vertebrate Colonizations of Madagascar.
Crown divergence times were not available for all taxa and cannot be obtained for monospecific clades, such as podocnemidid turtles. We thus summarized stem divergence times for the 31 Malagasy clades analyzed (Fig. 1) . Although the colonization patterns reconstructed by ACR and ICR at first seem rather different ( Fig. 2 and SI Appendix), the ages per clade are correlated (nonparametric correlation, Spearman's R = 0.664, P < 0.001) and concordant regarding the general temporal framework of colonization and differences among source regions. The two analyses agree in a predominant Cenozoic age of origin of the extant Malagasy vertebrates, with ages of 25 (ACR) and 23 (ICR) of 31 clades reconstructed at ≤65.5 Mya ( Table 1 ). The composite CrIs exceeded 125 Mya only in three cases (podocnemidid and testudinid turtles, and tenrecs), confirming that the majority of extant vertebrates must have colonized Madagascar after its separation from Africa at 130 Mya. Additionally, the analyses display clade-age differences depending on their geographic origin. In both analyses, the two clades with South American origins, iguanids and podocnemidid turtles, have Mesozoic stem divergences. In addition, there is a trend for clades with assumed Asian or Asian/African ancestry being older than those originating from Africa: 60 Mya (77-41 Mya) vs. 43 Mya (79-4 Mya) in ACR analyses, 66 Mya (92-39 Mya) vs. 38 Mya (101-1 Mya) in ICR; this result is significant for the ICR estimations (U test: Z = 2.88, P = 0.003), and nearly so for the ACR estimations (Z = 1.73; P = 0.08). No colonization of unambiguous Asian origin was recovered as younger than 39 Mya by any analysis.
Prevailing ocean currents were periodically favoring rafting from Africa to Madagascar in the Early Cenozoic, but not after a reconfiguration of surface flows in the mid-Miocene, . Nevertheless, our analyses suggest three arrivals from Africa after the 15-Mya tipping point: ptychadenid frogs, crocodiles, and Hemidactylus geckos ( Fig. 2A and Table 1 ). All of the 11 out-ofMadagascar dispersals are relatively young (36-3 Mya) and peak after the Oligocene (Fig. 2B) . The dispersal of the ancestors of day geckos to the Mascarene Islands located east of Madagascar occurred at 22 Mya, and dispersals to the continental Seychelles, and to Asia and Africa occurred in the . Dispersals to the Comoro islands west of Madagascar were recovered by both analyses post-Oligocene, in agreement with favorable surface currents in this period, a pattern confirmed by the cross-validations also for those Comoro-Malagasy splits used as age constraints in the main analyses.
Clade Age and Rainforest Habitat Influence Species Richness. Besides the extraordinary degree of endemism at higher taxonomic levels, Madagascar's biota is characterized by a high, although incompletely known, species richness, and by a high proportion of range-restricted species that are microendemic to particular areas of the island (9) . This pattern might also be typical for other tropical regions, but Madagascar is a particularly well-suited model region to determine the underlying patterns of biotic diversification (23).
A debated biological question is whether species richness is primarily influenced by clade longevity or diversification rate (24, 25) . Among Malagasy vertebrates we expect species richness to be correlated with clade age if their diversification took place following a stochastic process of phylogenetic clade accumulation through time. In contrast, if many of the clades underwent rapid adaptive radiations after reaching the island, we expect this correlation to be weak or absent. Using nonparametric rank correlation analyses, stem age and species richness are significantly correlated based on ICR ages (Spearman's R = 0.477; P = 0.007) and nearly so based on ACR (R = 0.316; P = 0.084) ( Fig. 2 C and D) .
We defined a number of covariables likely to influence either the diversification process or the species-area relationship of clades (Materials and Methods). An ANCOVA model supports that species numbers increase with ACR clade age, as well as with external fertilization, parental care, terrestrial habits, and occurrence in rainforest, the latter variable being the most significant predictor (SI Appendix, Table S8 ).
Madagascar is renowned for its high diversity of biomes, ranging from subarid shrublands to humid rainforests (9) . Vertebrate clades are unevenly distributed over these biomes, with some clades predominantly found in humid and subhumid forests and others in dry forests and open habitats. The six most species-rich clades in our analysis with >50 species (mantellid and microhylid frogs, pseudoxyrhophiine snakes, chameleons, skinks, and lemurs) are rather variable in age (96-20 Mya) but all have a majority or an important proportion of their species diversity living in rainforests (SI Appendix, Table S7 ). Among all clades, those with the majority (>75%) of species in rainforests have significantly higher species richness than those distributed in both habitats, and the lowest species richness is found in clades specializing to dry and open biomes (Fig. 2F ). These three groups of clades do not differ significantly in clade age (Fig. 2E) but most of the species-rich rainforest clades colonized Madagascar at the onset of the Eocene, just before the putative spread of Madagascar's rainforests (26) .
Discussion
This comprehensive assessment of Malagasy vertebrate ages and colonization patterns robustly reconstructs the origins of these organisms in Cretaceous and Cenozoic times. Because we included all clades in a single time-tree and cross-validated all time constraints, we can exclude biases, which could arise if incongruent constraints are used in independent single-clade analyses. Even taking into account the conservative composite CrIs, there are only three estimates >125 Mya. This finding strongly supports a predominant origin of Madagascar's extant vertebrates after Madagascar separated from Africa at 160-130 Mya (15) . Most of these clades have African sister groups, confirming a predominance of overseas dispersal from Africa (11) , in agreement with clade age estimates previously published for 17 Malagasy clades (15) . ACR ages are in 12 clades on average 19% (0-43%) older than the published data and in five clades on average 23% (6-29%) younger (SI Appendix, Table S6 ). ICR ages are more strongly deviating: eight clades are on average 23% (8-39%) younger, and nine clades on average 35% (2-54%) older. Several of the ICR ages are rather unrealistic, given previous assessments, such as an age of tenrecs as old as 103 Mya and of tortoises as young as 16 Mya. We therefore consider the ACR results to be more reliable. In general, we acknowledge that any single-point estimate in our data might be subject to changes as novel methods, better time constraints, or more comprehensive molecular datasets become available. However, we expect changes not to exceed the composite CrIs obtained here and, rather, to support even younger ages given our conservative selection of age constraints.
Only three literature ages fall outside of the ACR CrIs: cichlids and xenotyphlopids, which were younger, and hyperoliid frogs, which were older in our analyses. Among the biogeographically most-relevant deviations of our data from previous analyses (27, 28) are the younger ages of cichlids and of the other two fish clades. The ACR and ICR analyses agreed in placing the origin of these fishes into the Latest Cretaceous or Early Cenozoic, thus supporting dispersal hypotheses for their origin (29) . The origin of Madagascar boas was estimated in the PaleoceneEocene rather than Cretaceous, suggesting dispersal from Africa rather than from Antarctica, as suggested before (17) .
Our results can be directly compared with an explicit model for stem divergence ages for Malagasy vertebrates (11) assuming 80% dispersal and 20% vicariance, which predicts a clear peak at the time of Indo-Madagascar breakup at 88-60 Mya. This finding is in perfect agreement with the results of the ACR analysis ( Fig.  2A) , whereas the ICR ages suggest a more recent Cenozoic peak and a more regular spacing of ages in the Mesozoic (SI Appendix). Divergences >90 Mya are rare in our analyses but are predicted, albeit at low prevalence, by the model. This discordance confirms paleontological evidence for a massive biotic change around the K-T boundary. It also suggests that this biotic change affected all vertebrates, including small frogs and lizards, for which paleontological evidence is typically scarce.
Only a few taxa are missing from our analysis. Apart from flying vertebrates (bats and birds), these include a genus of cyprinodontiform fishes (Pantanodon), with one representative in Africa, some nonprimary freshwater fish clades, three gecko clades (Geckolepis, Matoatoa, and Paragehyra) with uncertain phylogenetic relationships, and Cryptoblepharus shoreline lizards, which dispersed recently from the Australasian region. Three extinct Pliocene-Pleistocene clades are the nonflying Aepyornis related to the Australian and New Zealand flightless birds, pygmy hippos with clear relationships to Africa, and the Malagasy aardvark Plesiorycteropus, which might belong into the Afrotheria. Most of the bird and bat lineages, as well as hippos and aardvarks, presumably arrived in Madagascar between the Oligocene and present (15) , and their inclusion would further reinforce the pattern of Cenozoic origins of most of Madagascar's extant vertebrates. However, bats and birds are independent from ocean currents and thus include numerous post-Oligocene arrivals from Asia (15) .
In ACR and ICR analyses, the largest proportion of divergence times at 88-60 Mya corresponds to groups with Asian or Fig. 1 ambiguously Asian/African ancestry, fitting the expectations of Indo-Madagascar vicariance. However, the Malagasy mantellid and dyscophine frogs are phylogenetically deeply nested in widespread Asian taxa. This finding suggests at least occasional ancient dispersal from India to Madagascar (30), probably facilitated by discontinuous land bridges and stepping-stones after the connection of India with the Asian plate (1) . No colonizations from Asia are estimated after the Eocene, which suggests that colonizations from Asia became severed after India had reached its current position, with a large open-sea distance to Madagascar (15) .
The two clades with clear South American relationships among extant taxa, iguanas and podocnemidid turtles, are by far oldest in the ACR analyses and were among the oldest seven in the ICR analysis, confirming previous estimates (17) . However, our data indicate that these clades might even be older than previously thought, and could have reached Madagascar in the Early Cretaceous. This theory would be in agreement with recent paleogeographic reconstructions (31, 32) that do not support the previously hypothesized Late Cretaceous connections of Madagascar and South America via Antarctica and the Kerguelen/ Gunnerus ridges (16) . The third group for which such a connection has been previously invoked, Madagascar boas, turned out to be distinctly younger, which agrees with their recently discovered phylogenetic relationship to the African Calabaria (17) . Clades of African ancestry were rather evenly spaced over the Cenozoic, and a few of them even in the period 15-0 Mya, coinciding with an unfavorable pattern of surface currents (10) .
The equilibrium model of island biogeography predicts a positive area/species diversity relationship because of balanced rates of colonization and extinction (33). Because Madagascar's biota evolved largely in isolation, with a limited number of colonizations, the assembly of its extant species richness has been mainly a consequence of speciation processes rather than immigration. In such situations, a nonequilibrium model of diversity can be applied and species richness is expected to mainly be influenced by variation in net diversification rates or clade age (34). Our analyses are congruent in supporting clade age (time since colonization) as one predictor of species richness of Madagascar's vertebrates. This analysis suggests, in many but not all clades, a rather regular net diversification rate with time, but the rather low correlation coefficients suggest an influence also of other drivers of species richness. In our analysis, the relative time lags between (i) the separation of the Malagasy clade from its non-Malagasy sister group and (ii) the first speciation events within Madagascar decreases with clade species richness (SI Appendix). This decrease could be explained by species-poor clades having been more strongly affected by past extinctions, also at deep levels, but we hypothesize it indicates lower diversification rates of these clades instead.
One factor explaining such differences in diversification rate might be the ability of a clade to adapt to rainforest conditions. Although the subarid and arid biomes of Madagascar span over wide environmental gradients in altitude, moisture, and soil composition, which especially for squamate reptiles offer numerous opportunities for specialization, mainly species-poor clades are the ones predominantly living in these habitats. In fact, among the clades with fewer than 20 species none has its center of diversity in rainforests. The species-poor clades specialized to dry conditions are either old Gondwanan relicts (e.g., podocnemidid turtles, iguanas), or very recent colonizers. The vast majority of such young clades that arrived in the Miocene or later (e.g., Ptychadena, Crocodylus, Hemidactylus, Trachylepis, Mimophis), contain no or very few strict rainforest specialists but are composed of species adapted to dry conditions or generalists surviving in open landscapes. This finding might reflect plesiomorphic traits favorable for overseas dispersal, and for survival after arriving at Madagascar's dry west coast after a transoceanic rafting from Africa. The ability of a clade to adapt to rainforest might have been influenced by intrinsic morphological or physiological constraints, or by ecological interactions with other organisms: either in terms of predator-prey relationships (e.g., the diversity of pseudoxyrhophiine snakes might be influenced by the earlier diversification of frogs and lizards, which constitute their main prey), or competition (e.g., psammophiine snakes might not have radiated into rainforests because these were already occupied by the earlier pseudoxyrhophiine snake radiation).
In conclusion, clade species richness in Madagascar is influenced by clade age but also by their adaptability to rainforest (1) show reconstructions of continental shorelines. (C and D) Scatterplots of species richness (logarithmic scale) of endemic Madagascar clades vs. stem age of the ACR and ICR analyses, respectively. (E and F) Plots of species richness (logarithmic scale) and stem age of endemic Madagascar clades with highest species diversity distribued in rainforest (>75% of species), in rainforest as well as dry forest, or predominantly (>75%) in dry forest (and deforested areas within humid bioclimates). The light green bar in E marks the Eocene period during which the origin of Madagascar's rainforest has been hypothesized (26) .
habitats. In contrast to purely vicariant speciation scenarios that have typically been invoked in Madagascar (23), these results suggest a role for adaptive speciation during at least some episodes of the evolutionary history of species-rich clades, but possibly less so for species-poor clades. We predict that future exploration of this and other evolutionary hypothesis in the Madagascar model system will much benefit from the comprehensive temporal framework provided herein.
Materials and Methods
Total genomic DNA was extracted using standard protocols and a combination of various degenerated primers were used to amplify overlapping fragments for a total length of 535 aa of the RAG1 gene (amino acid positions 467-1001 in human RAG1) and a fragment corresponding to 221 aa of the BDNF gene (see SI Appendix for details). Chromatographs were checked and sequences were aligned using CodonCode Aligner (v. 3.7.1, Codon Code) . The alignment of newly determined sequences was complemented with sequences retrieved from GenBank (SI Appendix, Table S2 ). For BDNF the software Gblocks (35) was used to delete highly divergent regions, which were either not unambiguously aligned or saturated by multiple substitutions. Additionally, all positions with gaps in both genes were excluded from the analyses. The final concatenated alignment was 1,747 bp long.
We conducted partitioned Bayesian inference searches based on the concatenated dataset in MrBayes 3.1.2 (36) with two partitions: first-plussecond positions, and third positions, grouped for both genes. The partition scheme was selected based on a Bayes factor analysis (SI Appendix). Both partitions were assigned to a general time-reversible substitution model with estimated γ-shaped distribution and proportion of invariable sites, as suggested by MrModeltest (37). We performed four independent runs of 20 million generations sampling trees every 1,000 generations. The first four million generations were discarded based on empirical evaluation of convergence (see SI Appendix for methods used). A number of nodes were constrained according to well-established knowledge on vertebrate phylogeny ( Fig. 1 and SI Appendix).
We selected 48 age constraints across the vertebrate tree, of which 43 were used for the final analysis (SI Appendix), with a preference for ample, conservative estimates rather than narrow upper and lower constraints or point estimates because fossil uncertainties are prone to lead to pseudoaccuracy. Constraints are coded C1-C48 (missing numbers refer to excluded constraints; details and references, and rationale for exclusion in SI Appendix). Slashes represent the phylogenetic split of one clade from the other; when no slash is given, the age is of the split of the respective clade from their unspecified sister group. C1, diapsids/synapsids, 338-288 Mya; C2, lungfishes/tetrapods, 419-408 Mya; C3, archosaurs/lepidosaurs, 299.8-259.7 Mya; C4, birds/crocodiles, 250-235 Mya; C5, alligators/caimans, 71-66 Mya; C6, Pelomedusa/ Pelusios turtles, >25 Mya; C7, Erymnochelys/Podocnemis turtles, >65 Mya; C8, Cryptodira/Pleurodira turtles, >210 Mya; C9, podocnemidid/pelomedusid turtles, >100 Mya; C10, sea turtles, >110 Mya; C11, turtles, >220 Mya; C12, Sphenodon/squamates, >228 Mya; C13, geckos, >55 Mya; C14, amphisbaenian/lacertid lizards, > 64 Mya; C17, Booidea/Caenophidia snakes, >75 Mya; C18, Comoran Furcifer chameleons, <15 Mya; C20, Canary geckos Tarentola boettgeri/delalandi, <14 Mya; C21, Comoran gecko Phelsuma nigristriata, <15 Mya; C22, Comoran Phelsuma comorensis, <15 Mya; C23, Mascarene Clade numbers as in Fig. 1 ; Af, Africa; As, Asia; SA, South America. Ages are given in Mya.
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Phelsuma inexpectata/ornata, <2.1 Mya; C24, Canary skinks Chalcides sexlineatus/viridanus, <14 Mya; C25, Caniformia/Feliformia, 63. Time-trees were reconstructed with two different relaxed-clock methods with uncorrelated and correlated substitution rates, respectively, over clades (here named ICR and ACR), using the computer programs BEAST (38) and Multidivtime (39). For methodological details of analyses, see SI Appendix. Age estimates for stem-based nodes (separation of Malagasy clades from their closest non-Malagasy sister group) as well as stem-based ages of assumed out-of-Madagascar dispersal events were extracted from the timetree results. Composite 95% CrIs were compiled by combining CrIs from ICR and ACR analyses which in simulation studies (20) cover the true time in >97% of the estimated times.
Species richness of endemic Madagascar clades was compiled from recent publications (complete species list in SI Appendix). Linear models (ANCOVAs) were performed in R (40) on species richness as dependent and a series of factors that might influence species richness as independent variables: clade age, rainforest occurrence, body size, age to maturity, endothermy, trophic position, internal fertilization, parental care, and aquatic vs. terrestrial habits. Factors were deleted sequentially from the full model based on the Akaike Information Criterion. (2009) Total genomic DNA was extracted using proteinase K (10 mg/ml) digestion followed by a standard saltextraction protocol (S1) or from ethanol-preserved tissue following the protocol of the Wizard SV Genomic DNA Purification System (Promega) (S2). A combination of degenerated primers was used to amplify overlapping DNA fragments corresponding to 535 aminoacids (AA) of the Recombination Activating Gene 1 (RAG1) gene (AA 467-1001 in human); a fragment of 221 AA of the Brain-derived Neurotrophic Factor (BDNF) gene was amplified using one primer pair, except for the lungfish for which several primer combinations were needed. All primers used are listed in Table S1 . For non-mammalian samples standard Polymerase chain reactions were performed in a final volume of 11 µl and using 0.3 µl each of 10 pmol primer, 0.25 µl of total dNTP 10 mM (Promega), 0.08 µl of 5 U/ml GoTaq, and 2.5 µl 5 GoTaq Reaction Buffer (Promega). PCR conditions were as follows. BDNF: 94°C for 120 s, followed by 39 cycles of 94°C (20 s Table S2 ). Chromatographs were checked and sequences were edited and aligned using CodonCode Aligner (v. 3.7.1, Codon Code Corporation). Besides newly determined sequences, some DNA sequences were retrieved from Genbank and in some instances concatenated chimera sequences of different species were compiled from GenBank. For a complete list of taxa, voucher numbers and Genbank accession numbers used in this study see Table S2 . The software Gblocks (S3) was used to delete highly divergent regions that could either not being unambiguously aligned or that were saturated by multiple substitutions. The complete coding region of the BDNF contains (across all vertebrates) three conserved functional motifs (the starting motif, the subtilisin binding site, the glycation and furin site) and one highly conserved Nerve Growth Factor (NGF) domain. The excluded region corresponded to the entire portion of the three functional motifs at the 5' end of the gene. This exclusion was mostly based on difficulties to align Chondrichthyes and Actinopterygii with all the other vertebrates. Additionally all positions with gaps in both genes were excluded from the analyses.
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In order to obtain a topology congruent with the most recent phylogenetic hypotheses and reduce computing time, the following constraints were used in the Bayesian phylogenetic analyses: (a) Chiroptera were constrained in basal position to the Carnivora, Cetartiodactyla and Perissodactyla; (b) Daubentoniidae, Lemuridae and Cheirogaleidae were constrained as monophyletic; (c) Nesomyinae were contrained as monophyletic; (d) Blaesodactylus antongilensis and Homopholis walbergii were constrained as sister species; (e) the Malagasy Mabuya aureopunctata and M. gravenhorstii were contrained as monophyletic; (f) Heterixalus tricolor and Heterixalus madagascariensis were constrained as sister species; (g) all amphibians were constrained as monophyletic; (h) Anura and Caudata were constrained as monophyletic with Gymnophiona in basal position.
A Bayes factor analysis (Table S3 ) was conducted to select the most appropriate partition scheme for Bayesian phylogenetic analysis, and based on the results, we chose the scheme with two partitions (1st plus 2nd positions, and 3rd positions, grouped for both genes).
Convergence and mixing of chains in the Bayesian phylogenetic analyses were assessed by examining output files with the AWTY (Are we There Yet) graphical exploration software (S4). This tool confirmed that (i) split frequencies among runs were strongly correlated, (ii) there was no obvious trend in cumulative split frequencies of a series of 40 randomly selected splits, (iii) topological differences between trees sampled by independent runs stabilized after ca. 1.5 million generations. Hence, these indicators did not find any indication of poor convergence in our phylogenetic analysis.
Two different approaches were conducted to calculate a timetree from our molecular data:
(i) Bayesian molecular dating (S5) was applied using the Multidivtime program package (S6). This method uses a probabilistic model to quantify changes of substitution rates over time. It relaxes the molecular clock by allowing continuous autocorrelation of substitution rates among the branches of the phylogenetic tree. This approach estimates rates accurately (S7), without requiring the root of the tree to be fixed at a particular date but estimates its age starting from a prior value (split of Chondrichthyes from their sister group, 528 mya). We used default settings of Multidivtime as recommended (S8) except for the following parameters: rtrate = 0.000779, rtratesd = 0.000390, rttm = 528.0, rttmsd = 100.0, bigtime = 600.0; except rtrate and rtratesd all in million years. The concatenated sequence data set was partitioned as for the Bayesian phylogenetic analyses (1st plus 2nd positions, and 3rd positions, grouped for both genes) and branch lengths calculated under the F84+gamma model of sequence evolution, which is the most complex model available in Multidivtime. However, different parameter-rich substitution models generally produce branch lengths that are highly correlated (S9). The use of F84 instead of the GTR+I+G model should therefore not significantly alter age estimates. Initially Markov chain Monte Carlo (MCMC) analyses including all 48 time constraints were run four times: twice for ten million generations with a "burn in" of half million generations ('long runs') and twice for 1000000 generations with a "burn in" of 100000 generations ('short runs') with chains sampled every 100 generations in all analyses. The difference in calculated node age, mutual and between long and short runs, were less than 1% for all nodes, leading us to apply 'short runs' in all subsequent analyses. We performed multiple independent runs as crossvalidation of age constraints (see Results) and calculated the final timetree after exclusion of C15, C16, C19, C27, and C29, again with several independent runs of one million generations plus one run with ten million generations, and with less than 1% differences among all nodes except one (with a max. difference of 3.8%).
(ii) Additionally, reconstruction of phylogenetic relationships and molecular dating were also conducted by BEAST v1.6.0 (S10). The 50% majority-rule consensus tree obtained with MrBayes and rendered ultrametric using Multidivtime, was used as a starting tree for independent BEAST runs and a lognormal uncorrelated relaxed clock model was specified. We included two speciation process models: birth-death (S11) and pure birth (S12) as they were shown to yield different age estimates (S11). We ran analyses either fixing the topology of the starting tree or letting BEAST searching for the best tree (still constraining the monophyly of the nodes under interest). The Bayes factor as implemented in Tracer 1.5 (a part of the BEAST package) was used to select the best-fitting model under the smoothed marginal likelihood estimate and with 1000 bootstrap replicates (S13). Four different analyses with 8 independent runs of 10 million generations each were undertaken by sampling every 10000th generations. Tracer 1.5 was used to check for convergence of the model likelihood and parameters between each run until reaching stationarity. Results were considered reliable once the effective sampling size (ESSs) of all parameters was above 100. The resulting log and tree files were then combined using LogCombiner. In order to check whether our data were informative, we ran analyses sampling only from the priors distribution.
To understand whether clade age influences clade species richness we transformed (S14) data of species richness and body size (snout-vent length, SVL) to fit requirements of linear analysis. A linear model (ANCOVA) was performed on species richness as dependent and a series of factors that might influence species richness as independent variables: clade age, rainforest occurrence, body size, endothermy, trophic position, internal vs. external fertilization, parental care, and aquatic vs. terrestrial habitat. Factors were deleted sequentially from the full model based on the Akaike Information Criterion, AIC (S15) until the minimum adequate model was reached. Due to restricted sample size, interactions were not included in the full model. Analyses were performed in R 2.9.2 (S16) including the package car (S17).
Extended and Additional Results
Cross-validation of time constraints indicated only three of our initial 48 constraints as somewhat incongruent with the remaining set of calibrations (Table S5) : C19 -the colonization of the younger volcanic islands by lizards (Gallotia) at <14 mya; C29 -the origin of primates at 66-56 mya; and C27 -the split of panungulates at 65-54 mya. For the two mammal constraints (primates and panungulates), our data indicated substantially older ages than suggested by fossil estimates. For primates, this agrees with recent publications (S18, S19) that place the origin of crown primates at about 87 mya. Similarly, the panungulate constraint has been criticized as possibly being too young (S20) and reconstructed to be at 78 mya (S21). Therefore, the paleontological constraints typically used for the most recent common ancestor (MRCA) of primates and for the MRCA of paenungulates appear to represent underestimates of the actual divergence times of these groups. This suggests that the earliest fossils found up to now are far from representing the earliest paenungulate and primate and that older fossils belonging to this groups remain to be found, and supports our decision to exclude these constraints. Calibrations C15 and C16 (split of acrodont iguanians and split of iguanians based on the fossil Bharatagama) were excluded because of doubts on fossil identity, after ascertaining that their inclusion (which results in somewhat older ages of most squamate nodes) does not alter the statistiocal significance of the influence of clade age on species richness. .
One conspicuous pattern in the data set is the presence of very long branches at the basis of some species-poor and old Malagasy clades. In 20 clades for which stem and crown ages are repesented in our data set, we substracted crown from stem age to obtain the stem-crown age gap in cladogenesis, here abbreviated SCG. Figure S1. Vertebrate timetree calculated based on a 50% majority rule consensus tree from a Bayesian analysis of 1747 bp DNA sequences of the RAG1 and BDNF genes (as in Fig. 1 , showing names of all taxa included). Black dots at nodes indicate Bayesian support >0.98, grey dots 0.95-0.98, and white dotted nodes were constrained before the analysis. Numbers denote clades as listed in Table 1 and Table S6 . Table S1 . Primers used to amplify and sequence the fragments of the RAG1 and BDNF genes used in this study. Table S4 . Detailed list and descriptions of age constraints used for calculation of timetrees, with references for each constraint. Clade numbers as described in Materials and Methods of main paper. Calibrations C15 and C16 (marked with an asterisk) were excluded because of doubts on fossil identity; C19, C27 and C29 (marked with two asterisks) were excluded because of their poor performance in cross-validation tests. Table S5 . Results of cross validation procedures (CV2 and CV3; CV1 was an automated procedure described in the main text) carried out on the set of age constraints as detailed in Table S4 . Constraint numbers as in Table S4 and main paper. Two different series of cross validations were carried out: in CV2 all constraints except one were in turn excluded, while in CV3, one constraint was in turn excluded. The first three columns show by how many CV2 analyses a certain constraint was recovered, considering either only the absolute age estimate, or the standard error (SE), or the credibility intervals (CrIs). The next three columns show for CV2 how many other constraints were recovered by the analysis based on each single constraint, based on absolute estimates, SE or CI. The last three columns show for CV3 whether the excluded constraint was recovered by the analysis, based on absolute age estimate or considering SE or CI. Red colour marks particularly poor performance values for a constraint in being recovered or recovering other constraints in CV2, or negative results in CV3. 
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